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a b s t r a c t
High resolution serial block-face scanning electron microscopy has been performed on sintered micro-
silver pastes that are used as lead replacement joints for die bonding. The size and spatial distributions
of the porosity before and after ageing were determined by quantiﬁcation of the segmented 3D images.
The elastic modulus was determined by an image-based ﬁnite element model and validated by results
obtained from a dynamical resonance method. In agreement with contemporary analytical models on
the elastic behaviour of porous materials, the elastic modulus was found to be a function of pore fraction
only. Ageing the specimens does not alter the density or Young’s modulus.
Crown Copyright © 2015 Published by Elsevier B.V. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Sinteredmicro-silverpastes aregoodcandidates to replace lead-
based alloys for die bonding of power electronics due to their
excellent electrical properties and high melting temperature as
described by Li et al. (2013) who investigated the creep properties
of these materials. Other mechanical properties of sintered micro-
silver pastes can be found in the literature where Siow (2012) has
provided a reviewof theworkdone indetermining elasticmodulus,
strength and factors affecting the bonding strength of such joints.
However, very few give a relationship between mechanical prop-
erties and porosity. Furthermore, no work has been done on the
impact of ageing thematerial.With respect to the elastic behaviour,
Panin et al. (2005) concluded that an increase in grain size due to
annealing had no effect on the elastic properties as determined by
nano-indentation.
Lifetimeprediction of the entire system requires quantifying the
evolution of the porous structure during thermal ageing in order to
understand the modiﬁcation of mechanical properties dominated
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by the porous structure of the joint material. The effect of the pore
distributionon the elastic properties of sinteredmicro-silver pastes
during ageing is one of the key parameters formodelling the elastic
behaviour of the entire electronic system in the operating condi-
tions. This study represents a ﬁrst step towards addressing this
issue by using imaging to determine the porous structures of both
as-sinteredmaterial and agedmaterial and relating it to the elastic
properties.
Several analytical models have been proposed that link poros-
ity with the elastic moduli of porous materials. Mackenzie (1950)
states that theYoung’smodulus, E, as a functionof thepore fraction,
P, is of the form
E = E0(1 − aP + bP2) (1)
where E0 is the Young’s modulus of the solid material and a & b
depend on the shape of the pores, although the exact form of this
dependence is unknown. The work of Ashby et al. (2000) on foams
takes into account how E scales with P:
E = cE0(1 − P)n (2)
where 0.1≤ c≤4 and n≈2.
Ramakrishnan and Arunachalam (1990) provided a model con-
sistent with Eq. (2), but further demonstrated that it is possible to
predict the Young’s modulus of a porous solid as a function of pore
http://dx.doi.org/10.1016/j.jmatprotec.2015.03.037
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Fig. 1. A wire-frame display of the mesh produced by snappyHexMesh at increasingly higher magniﬁcations to illustrate the reﬁnement of the mesh.
fraction knowing only the Young’smodulus and Poisson ratio of the
solid material, i.e. E0 and 0 respectively, by
c = 1
1 + (2 − 30)P
(3)
where 0 is the Poisson ratio of the solid material. Ramakrishnan
and Arunachalam (1990) veriﬁed this analytical model using ideal-
ized 2D ﬁnite element (FE) models.
Following advancements in computing power, synthetic 3D
FE meshes based on statistical models of porous solids were
simulated. Roberts and Garboczi (2000) used such an approach
to model the elasticity of porous ceramics and showed their
results to be consistent with the analytical model proposed by
Bert (1985) who developed another empirical model that is very
close in form to Eq. (2) for spherical pore geometries. Advance-
ments in 3D imaging have allowed the replacement of such
synthetic meshes with real image-based meshes, which fully
describe the complicated geometry of porous solids. Knackstedt
et al. (2006) and Hardin and Beckermann (2007) used image-based
3D FE models of foams obtained by X-ray tomography (XRT) and
used the analytical model proposed by Bert (1985) to ﬁt their
results.
Serial block-face scanning electron microscopy (SBFSEM) is a
relatively new, destructive, high resolution 3D imaging technique,
ﬁrst used in a materials science context by Zankel et al. (2009),
that is capable of achieving signiﬁcantly higher spatial resolutions
compared with XRT. The authors use SBFSEM datasets to produce
FE models of the sintered pastes that are validated against experi-
mentally determined values for Young’s modulus using a dynamic
resonance method (DRM) as described by Gadaud et al. (2009)
who derived a formalism for interpreting the torsional vibrations
to determine elastic and shear moduli.
2. Materials and methods
Heraeus LTS 043 04P2® Ag paste was sintered using an alterna-
tive processing route as described by Caccuri et al. (2014), which
includes a ﬁnal sintering step at 240 ◦C for 3min under 10MPa. This
allows production of the bulk specimenwith the samemicrostruc-
ture as the real joint material. Ageing was performed at 125 ◦C for
1500h in air. The density of the specimens prior to and after ageing
was obtained from the weight to volume ratio using a high pre-
cision Sartorius MZ1 balance (accuracy better than 10mg) and a
micrometer (accuracy better than 1m).
Sectioning for the SBFSEM was performed at a nominal thick-
ness of 75nm, and an accelerating voltage of 2 kV in high vacuum
mode was used to obtain backscattered electron micrographs of
the block-face in the SEM. Magniﬁcation settings on the SEM give
a pixel size of 37.5nm.
Pore fractionswere obtained from the segmented binary image.
The quantiﬁcation of size and spatial distributions considers pores
unconnected to the large singular porous network. Images were
segmented by an automatic thresholding algorithm developed by
Otsu (1979) who used image histograms to determine threshold
values for the segmentation. Volumes and barycentres were cal-
culated following connected component labelling as described by
Suzuki et al. (2003) using a 6 voxel neighbourhood. A clustering
ratio is deﬁned as the ratio of the expected nearest neighbour dis-
tance given a randomdistributionwith themeasuredmeannearest
neighbour distance. Chandrasekhar (1943) provides a derivation of
the mean nearest neighbour distance for a distribution of random
particles.
Segmented sub-volumes of the tomographic datasets acquired
from the SBFSEM data were used to produce FE models such that
each sub-volume provides a single datapoint for the pore fraction
and corresponding Young’s modulus. This is achieved by form-
ing a stereolithography surface at the pore/matrix interface of the
binarized image and utilizing the ‘snappyHexMesh’ utility bun-
dled with OpenFOAM. A reﬁnement level of 5 was used to
produce a volume mesh of the matrix composed of hexahedra
and split hexahedra as shown in Fig. 1. For the boundary con-
ditions, a uniform stress of 10Pa was applied normally to the
face of the mesh and the adjacent face was kept at a ﬁxed dis-
placement. Known physical parameters for pure silver (density:
10.490g cm−3, Poisson ratio: 0.37&Young’smodulus:83GPa)were
used in the simulation. The simulation was run using the ‘solid-
DisplacementFoam’ solver bundled with OpenFOAM; convergence
criteria were set such that the global residual does not exceed
10−10. The Young’s modulus was obtained from the simulation by
using the known applied stress and the calculated global strain,
determined by the average displacement ﬁeld of the pressurized
face.
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3. Results and discussion
3.1. Quantiﬁcation
Fig. 2 shows a 2D comparison of the pore distribution of the
same sample immediately after sintering (Fig. 2a) and after ageing
(Fig. 2b). A clear evolution of the microstructure was observed; the
pores after sintering are homogeneously distributed while, after
ageing, the pores are relatively heterogeneous and the pore size
has increased substantially. Some areas of the aged material were
almost free of pores, whereas other areas displayed large pores.
However, while measurements in two dimensions (2D) give an
insight of the pore microstructure evolution upon ageing, a three
dimensional (3D) study is valuable in giving the actual pore spa-
tial distribution, shape and size as well as the pore connectivity,
and the evolution of these quantities. An example of such differ-
ences between quantiﬁcation of porosity for 2D and 3D studies is
presented by Chaijaruwanich et al. (2007) who use XRT.
Since 3D experiments using SBFSEM are destructive, two differ-
ent specimens, with densities as close as possible to the as-sintered
state, 7.8±0.2 g cm−3 and 8.0±0.2 g cm−3 respectively, were used
to investigate the 3D evolution of the pore distribution. It is noted
that, after direct measurement of weight and sample dimensions
before and after ageing, the density of the material was found to
remain constant, i.e. close to 8g cm−3 in this case. Reconstructed
volumes are displayed in Fig. 3, where the silver matrix has been
made transparent and only the porosity is visible. Initial quantiﬁ-
cation of the depth proﬁle of the pore density, as revealed in Fig. 4,
shows a root mean square (RMS) deviation of 1% implying a high
level of homogeneity in the density as a function of depth for the as-
sintered solder. In comparison, the aged solder was found to have
an increase in RMS deviation by a factor of 2.4. Additionally, Fourier
transforms of the depth proﬁles revealed a dominance in the lower
spatial frequencydomain.Asobservedqualitatively for the2Danal-
ysis in Fig. 2, the quantiﬁcation of the pore spatial distribution in 3D
was less homogeneous after ageing than in the as-sintered state.
Both the size distributions (Fig. 4b) of the image volumes and
the spatial distributions (Fig. 4c) of thepore clusters showapositive
shift and an increase in frequency of the mid-sized pores leading
to a higher mean value. Clustering ratios also reveal a move from
an approximately random distribution (0.9629) of pore clusters to
a more clustered distribution (0.8773).
A reduction in the number of pore clusters, in addition to their
spatial and size distributions, is indicative of an agglomeration of
pores that provides larger clusterswithmoredistant nearest neigh-
bours. In other words, ageing tends to favour the disappearance of
the smaller pores by either agglomeration or growth, leading to an
increase of the average pore size, a shift of the distribution towards
larger sizes and a larger distance between the nearest neighbours.
A further interesting feature stands in the evolution of the
sphericity. While it has been estimated to be close to 0.7 just after
sintering, it evolved towards 1 after ageing. All these factors tend
to account for the surface energy reduction to be the main driv-
ing force for pore evolution during ageing. This may be helped by
vacancy diffusion along the material grain boundaries.
3.2. Inﬂuence on the elastic properties
The dramatic evolution of the porosity during ageing may sub-
stantially alter the elastic properties of sinteredmicro-silver pastes
since certain regions exhibit a high level of porosity while others
are almost pore free. Upon ageing, the material structure tends to
become heterogeneous and the local load bearing surfacemay vary
substantially.
Fig. 2. Scanning electron micrographs of the polished surface, highlighting the evolution of the porosity from the as-sintered specimen (a) to the aged specimen (b).
Fig. 3. Surface meshes of the reconstructed porosity for the as-sintered (left) and aged (right) solders. A single pore network shown in red was observed in both samples.
Pore clusters shown in blue are quantiﬁed in isolation to observe size and spatial distributions of the unconnected porosity and its subsequent impact on performance. (For
interpretation of reference to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) The pore area fraction as a function of depth from the segmented volume; (b) the effective diameter distribution. The mean effective diameter is 95nm for the
as-sintered sample and 140nm for the aged sample. Frequency is normalized with pore number density; (c) the nearest neighbour distributions. For the as-sintered and
aged samples respectively, the mean nearest neighbour distances are 289nm and 366nm, and the clustering ratios are 0.9629 and 0.8773. The frequency is normalized with
pore number density.
The Young’s modulus as a function of the pore density has
been modelled using the reconstructed 3D images. Validation of
the model has been achieved by comparison with experimentally
determined data.
Owing to the high convergence criteria speciﬁed in Section 2,
solutions for the displacement ﬁelds in the produced FE meshes
converged for a total of 7 of 10 attempted cases. Example cases are
shown in Fig. 5 for both the as-sintered and aged specimens. These
renderings, in contrast to Fig. 3, display the silver matrix as solid
and the porosity as transparent. Qualitatively, it is plain to see a
larger displacement ﬁeld associatedwith the aged specimen across
the face, indicating a reduced elastic performance. It is also appar-
ent that themaximumdisplacements occur aroundporous regions,
thus indicating that the local plastic performance is a function of
the distribution of the porosity in agreement with Surappa et al.
(1986) who observed strong plastic deformation in the vicinity of
macro-porosity for Al–7Si–0.3Mg alloy.
Comparing the values for Young’s modulus with the quantiﬁed
pore fraction (i.e. specimen density) agrees closely with the pro-
posed empirical model by Ramakrishnan and Arunachalam (1990).
This model has been validated using DRM experimental measure-
ments on as-sintered materials obtained with various sintering
loads, i.e. as-sintered specimenswith a large spectrum of densities.
As displayed in Fig. 6, the Young’s modulus predicted by the model
is not a function of the pore distribution and geometry. The Young’s
modulus is, to a good approximation, only a function of thematerial
density and is not altered or modiﬁed by ageing globally. Locally,
however, signiﬁcant variation in theporous structure is observed in
the aged samples. The reduced elasticity in regions of high porosity
is, therefore, a likely candidate for sites of initial failure of the sin-
tered joint. The size andcurvatureof theporosity are also important
for the fatigue properties of the material as concluded by Yi et al.
(2003) where large pores were found to be exclusively responsible
for crack initiation. The amount of porosity was also found to
Fig. 5. Surface rendered volumemeshes extracted from the larger datasets depicted
in Fig. 3. These show the solution of the displacement ﬁeld within sub-volumes of
the (a) as-sintered and (b) aged specimens. Stress was applied along the positive x
direction.
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Fig. 6. A combination of results for both the FE modelling and direct elasticity
measurements plotting Young’s modulus against pore fraction. The ﬁt shows an
agreement of the data with the proposed empirical model.
correlate with fatigue life although this has not been evaluated
in the case of sintered micro-silver joints. It is anticipated that
these regions also signiﬁcantly impact the plastic behaviour of the
material. Work is currently ongoing to evaluate a failure model,
which incorporates both the plastic and elastic behaviour during
ageing.
4. Conclusions
• Sintered micro-silver pastes have been successfully imaged in
high resolution 3D to observe the evolution of the porous net-
works during ageing.
• Quantiﬁcation of the size and distribution of the porous networks
is consistent with Ostwald ripening.
• The model proposed by Ramakrishnan and Arunachalam (1990)
has been validated for silver foams of porosity ≤20%, implying
that the elastic properties are only a function of density. This is
consistent with the implications of both Mackenzie (1950) and
Ashby et al. (2000).
• The porosity became increasingly heterogeneous after ageing,
and the local variation of pore fraction corresponds to a local
variation of the elastic behaviour.
• Global density variations were not appreciable during ageing,
implying a constant value for elasticity over time. This is con-
sistent with Panin et al.’s conclusions that the global elastic
behaviour is unaffected by annealing.
• The results produced here are an initial step towards complete
micromechanical modelling of the full system such that ideal
processing speciﬁcations can be determined.
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